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Collagen remodelingMigrating cells sense variations of stiffness in connective tissuematrices but how cells detect and respond to stiff-
ness orientation is not deﬁned. We examined cell extension formation on collagen with underlying support
(vertical stiffness gradient) or on collagen laterally supported by nylon (lateral stiffness gradient). At 6 h after
plating, cells plated on laterally-supported collagen exhibited N2-foldmore abundant and ~2-fold longer cell ex-
tensions than cells plated on collagen with underlying support. We examined whether p21-activated kinase 1
(PAK1) inﬂuences extension formation that is dependent on the orientation of support. At 6 h after plating on col-
lagen with underlying support, wild-type cell extensions were 40% shorter than PAK1 knockdown cells. In con-
trast, on laterally-supported collagen, wild-type cell extensions were 2-fold longer than PAK1 knockdown cells.
In cells plated on laterally-supported collagen, there were ~2-fold reductions of collagen ﬁber alignment and
compaction in PAK1 knockdown cells compared with wild-type cells. PAK1 knockdown did not affect collagen
ﬁber alignment or compaction by cells plated on collagen with underlying support. Wild-type cells with lateral
support of collagen exhibited 3-fold increases of phospho-myosin staining at 6 h, which was 2-fold lower in
PAK1 knockdown cells. In contrast, cells on collagen with underlying support showed no increase of phospho-
myosin staining at any times. PAK1 knockdown did not affect α2 or β1 integrin expression or function. We con-
clude that PAK1 is involved in the ability of cells to sense the orientation of stiffness in collagen substrates and
generate contractile forces that affect cell extension formation.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Anchorage-dependent cells interact with their surrounding extracellu-
lar matrix (ECM) to enable fundamental processes including cell adhesion
[1–3] and the formation of cell extensions [4,5]. Early in the adhesion pro-
cess several types of connective tissue cells including ﬁbroblasts and
synoviocytes generate specialized domains on their plasma membrane
that transform over time into cell extensions like ﬁlopodia [6–8]. These ex-
tensions facilitate remodeling of the ECMby focal degradation [9] and com-
paction [10,11], and canmanifest variably as dendritic or bipolar structures
in response to differences of ECM stiffness [12]. The formation of cell exten-
sions is strongly inﬂuenced by the abundance of activated adhesion recep--activated kinase; PAK1 K299R,
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(Htors that engage ECMproteins [13,14]. For functional interactionswith type
I collagen ﬁbers, cells use α2β1 integrin heterodimers, which permit bi-
directional signaling between cells and the collagenmatrix [15,16]. Follow-
ing integrin engagement and the formation of focal complexes, cell-
generated tractional forces contribute to the generation of cell extensions,
which are critical for productive cell spreading on ECM substrates [17]. Ul-
timately, increased cell adhesion to the underlying ECM leads to inhibition
of cell extension formation and cessation of cell motility [11].
While cells can sense variations of matrix stiffness and respond ac-
cordingly [13], the mechanical signaling systems used to regulate cell
extension formation are not deﬁned. Tractional forces during cell
spreading are strongly inﬂuenced by the stiffness of the underlying
ECM [18,19] since cells on relatively stiff substrates generate higher am-
plitude tractional forces than cells on soft substrates [20]. The sensing of
substrate stiffness is critically dependent on actin assembly and a large
number of actin binding proteins that mediate cell contractility and
compaction of the ECM [21]. Cell-mediated contraction involves cycles
of actin ﬁlament assembly, which are regulated by environmental
cues transduced by Rho GTPases. These cues involve the cycling of ac-
tive, GTP-bound and inactive, GDP-bound forms of Rho proteins [22],
which include Rho, Cdc42, and Rac1. All of these proteins have been im-
plicated in the regulation of actin ﬁlament assembly in cell adhesion and
the formation of cell extensions [23,24]. Activation of Rho GTPases
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bundling, which are controlled with high levels of spatial and temporal
precision. Further, Cdc42 and Rac are involved in the formation of
distinct plasma membrane protrusions, which include ﬁlopodia and
lamellipodia [25,26].
Upon activation, small GTPases initiate signaling by binding down-
stream effectors such as the p21-activated kinase 1 (PAK1), a direct
target of both Cdc42 and Rac1 [27,28]. PAK1 is involved in the control
of actin ﬁlament assembly through its interaction with coﬁlin via LIM
kinase [29]. The phosphorylation of coﬁlin by LIM kinase inhibits actin
ﬁlament depolymerization, which leads to higher local concentrations
of actin ﬁlaments [30]. Further, inhibition of PAK1 can affect cell spread-
ing by inﬂuencing the stability of nascent lamellipodia [12,31] and by
constraining the turnover rate of cell adhesions; collectively these
effects increase the strength of cell adhesion and subsequently reduce
cell motility [32,33].
PAK1 is associated with cell extension formation in response to
physiological agonists such as platelet-derived growth factor (PDGF)
and lysophosphatidic acid (LPA). While PDGF can enhance cell exten-
sion formation, LPA promotes the retraction of cell extensions [34,35].
In addition to the effects of soluble agonists like PDGF and LPA, cell
extension formation is strongly inﬂuenced by ECM stiffness [36]. Here
we examined the role of PAK1 in mechanosensing the orientation of
stiffness gradients in collagen gels as measured by the formation of
cell extensions. We utilized a novel, laterally-supported collagenmatrix
ﬂoating on cell culturemedium [5]with a stiffness gradient in the lateral
plane and a collagenmatrixwith underlying rigid support (vertical stiff-
ness gradient) to examine the effect of the orientation of stiffness gradi-
ents on cell extension formation. Our data show that PAK1 affects the
generation of cell extensions and the remodeling of collagen in response
to the orientation of stiffness in collagen. These ﬁndings indicate that
PAK1 participates in the signaling system by which cells mechanically
sense the orientation of foundations that support collagen matrices.
2. Materials and methods
2.1. Antibodies and reagents
Rabbit polyclonal antibodies to PAK1, PAK2, PAK3 and phospho-
serine 19 myosin light chain 2 were purchased from Cell Signaling
(Danvers, MA). Rabbit polyclonal antibodies to mouse α2 integrin
were purchased from Millipore (Temecula, CA) and myosin X antibody
was from Sigma Aldrich (Oakville, ON). Rat monoclonal antibodies
against mouse CD29 (β1 integrin; clone KMI6) and against active β1
integrin (9EG7) were obtained from BD Bioscience (Bedford, MA,
USA). Mouse monoclonal antibody to β-actin (clone AC-15) was pur-
chased from Sigma-Aldrich (Oakville, ON). Fluorescein (FITC)-conjugat-
ed anti-rabbit goat antibody (IgG, H + L) was obtained from Jackson
Immuno-Research Laboratories (West Grove, PA). FITC-conjugated
anti-rat mouse antibody (IgG) was obtained from Biolegend (San
Diego, CA). IRDye 800CW anti-rabbit goat IgG (H + L) and IRDye
680RD anti-mouse goat antibody were obtained fromMandel (Guelph,
ON). Alexa Fluor 594 phalloidin was obtained from Invitrogen (Carls-
bad, CA). ML-7 was obtained from Calbiochem (Etobicoke, ON) and
was added to cells (10 μM) for 6 h of cell spreading prior to ﬁxation.
Pepsin-treated, bovine type I collagen was obtained from Advanced
BioMatrix (San Diego, CA).
2.2. Preparation of nylon meshes and collagen gels
For laterally-supported gels, ﬂoating collagenmatriceswere prepared
as previously described [5]. Brieﬂy, nylonmesh sheets with square open-
ings (200 μm across) were cut into 2 cm × 2 cm pieces. In some experi-
ments, single strands of nylon were removed from the mesh to create
rectangular openings (200 μm × 500 μm). Collagen gels were prepared
from type I collagen, neutralized (ﬁnal concentration—1mg/ml collagen)and poured on prepared hydrophobic surfaces followed by placement of
nylon meshes to ﬁll the grids with collagen. Samples were incubated
until collagen polymerization was complete and were then gently
detached from the hydrophobic surface by addition of 1× PBS. Float-
ing collagen-coated meshes were inverted and immersed in cell
culture medium. Cells were plated at very low densities to avoid
the inclusion of more than one cell in a single grid space, and allowed
to adhere and spread to the collagen gels. For underlying-supported
gels, collagen (1 mg/ml) was polymerized on glass coverslips or tis-
sue culture plastic.
2.3. Collagen stiffness
A cylindrical probe (endof ﬂattened probe tip=25 μm in diameter),
comparable to the diameters of spread cells, was used for estimating the
effective stiffness of collagen [37] when supported laterally or under-
neath the gel. Collagen was polymerized on nylon grids that were
then ﬂoated on cell culture medium or on rigid plastic or glass. Loading
indentationswere conducted across underlying supported collagen gels
with a downward movement of 10 and 30 μm and laterally supported
collagen across the diameters of gels with a downward movement of
30 μm; both sets of measurements were conducted at a speed of
1 μm/s. [44].
2.4. Cell culture
NIH3T3mouse ﬁbroblastswere plated on tissue culture plastic or on
collagen-coated plasma-treated glass or plastic (collagen concentra-
tion — 1 mg/ml) or on collagen-coated nylon grids as described [5].
Cells were plated on collagen in DMEM (Dulbecco's modiﬁed Eagle's
medium) supplemented with 10% FBS (fetal bovine serum) and 10% of
an antibiotic solution (146 units/ml penicillin G, 50 μg/ml gentamycin
and 0.25 μg/ml amphotericin).
2.5. Plasmids and transfection
Plasmids containing full length-PAK1 cloned into pCMV6 (plasmid
12209), dominant negative mutant PAK1 (plasmid 26592) or constitu-
tively active PAK1 (plasmid 12208) [29] were obtained from Addgene
(Cambridge, MA). Cells were transfected using X-treme GENE 9
DNA transfection reagent (Roche, Montreal, QC) according to the
manufacturer's instructions.
2.6. siRNA
Cells were transfected with ON-TARGETplus mouse Pak1 siRNA
(Thermo Scientiﬁc, Waltham, MA) using DharmaFECT® 1 transfection
reagent (Dharmacon, Lafayette, CO) according to the manufacturer's
protocol or with an siRNA with an irrelevant sequence as controls
(designated here as wild type PAK1).
2.7. Morphology and imaging
Cells were ﬁxed in 4% paraformaldehyde and permeabilized with
0.2% PBS-Triton-X prior to rhodamine phalloidin staining. Cells were
imaged and morphometry was performed with ImageJ software (NIH,
Bethesda, MD). Cell extensions were measured from the cell centroid
to the tip of the cell extension and for experiments when indicated
these data were analyzed only if they were N10 μm long [38] and only
if the cells were positioned in the center of the grids.
2.8. Immunoblotting and immunostaining
Cells were lysed and proteins were separated by SDS/PAGE and
transferred to nitrocellulose membranes. Equal amounts of protein
were loaded in individual lanes. Membranes were probed with the
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antibodies coupled to ﬂuorescent dyes (Mandel) and developed using a
computerized detection system (LiCor; Mandel). For immunostaining,
cells were ﬁxed with 4% paraformaldehyde followed by perme-
abilization with 0.2% PBST and blocked with 0.2% BSA. Cells were
incubated with antibody overnight at 4 °C followed by incubation
with FITC-conjugated secondary goat anti-rabbit antibody (Jackson).
2.9. Flow cytometry
We examined total cell-surface expression of β1 integrin as de-
scribed [39,40]. Cells were quickly detached from dishes with Versene
(Gibco, Waltham, MA), ﬁxed, immunostained with KMI6 antibody (β1
integrin), counter-stained with FITC-conjugated anti-rat IgG and
analyzed by ﬂow cytometry. For measuring β1 integrin activation,
cells were seeded on plasma-treated, collagen-coated (1mg/ml) plastic
dishes for 1 h. Cells were quickly harvested in ice cold Versene and ﬁxed
in 1% paraformaldehyde. Integrin activationwasmeasured as described
[39]. Cells were immunostainedwith 9EG7, a neo-epitope antibody that
recognizes activated β1 integrin [41], followed by staining with FITC-
conjugated anti-rat IgG2a antibody. Fluorescence of single cells was
analyzed by ﬂow cytometry (Altra, Beckman-Coulter, Burlington, ON).
2.10. Collagen bead binding
The activity of collagen adhesion receptors was measured from at-
tachment assays of collagen to the dorsal surfaces of cells wasmeasured
as described [42] using carboxylate-modiﬁed ﬂuorescent polystyrene
beads (1 μm diameter; yellow–green-excitation/emission — 488/
514 nm; or crimson-excitation/emission — 625/675 nm) that were
coated with BSA or type I ﬁbrillar collagen. Cells were spread for 6 h
on to tissue culture plastic followed by dorsal loading of collagen-
coated ﬂuorescent beads (6 of each bead type/cell) and incubated for
1 h at 37 °C. Bead binding was analyzed by ﬂow cytometry. With this
method, the functional activity of collagen adhesion receptors indepen-
dent of matrix stiffness and ventral spreading phenomena is obviated
[43].
2.11. Gel contraction
Type 1 rat tail collagen (1.36 mg/ml) was added to a solution of
DMEM, 0.24 M NaHCO3, FBS, 10× antibiotic, and 0.1 N NaOH. Cells
were added to the solution to produce a ﬁnal concentration of
1 × 106 cells/ml of collagen. Aliquots of the gel/cell solution (0.2 ml)
were pipetted on to the center of each well of a 24-well non-tissue
culture plate. For measuring cell-mediated collagen contraction [44],
anchored gels containing cells were incubated at 37 °C for 3 days before
releasing from the base of the dish and measured every 30 min until
contraction stopped. Floating gel contraction assays were used to
measure collagen remodeling as described [44]. Gels containing cells
were released from the base of the dish before incubation at 37 °C and
contraction was measured every 10–12 h over a course of 72 h.
2.12. Analysis of local collagen ﬁber alignment
Fast Fourier transform (FFT) was used to estimate the orientation of
collagen ﬁbers from images acquired by confocal reﬂectance microsco-
py as described [5]. FFT produces a spectrum image in the frequency
domain of the original intensity image in the spatial domain. To quantify
the directionality of the original image, the pixel intensities in the
resulting FFT image were summed along a straight line from the center
to the edge of the image at different angles. The summation processwas
performed using Oval Proﬁle, an ImageJ plug-in. The resulting plot was
the sum of pixel intensities between 0° and 180°. A perfect random
image would result in constant pixel intensity at different angles. How-
ever, orientation of collagen ﬁbers in a speciﬁc direction would result inhigher pixel intensities at a corresponding angle. An alignment index
was quantiﬁed by calculation of area under the intensity curve within
±10° of the peak. The resulting image contains frequencies orthogonal
to those in the original image. The FFT function of ImageJ software was
used to generate the frequency content of the gray-scale images.
2.13. Matrix deformation by cell-generated forces
Collagen solutions were mixed with ﬂuorescent magnetite micro-
beads (2 μm diameter; Bangs Beads, Fishers, IN) as ﬁduciary markers
for tracking the deformation of the matrix under adherent cells. Gels
were inverted after collagen polymerization was complete. The bead
displacement ﬁeld around each cell was mapped from a time-series of
phase contrast images that were collected using an inverted confocal
laser scanning microscope with a 20× air objective. The initial bead
position was determined 90 min after cell seeding, when cells were at-
tached to the gel surface. A time-series of 25–50 imageswas collected at
a frequency of one image every 15 min. ImageJ software was used to
align image stacks and to determine bead displacements and trajecto-
ries. The maximum local ﬂuorescent intensity was used as the estimate
for the location of bead centers. The depth of ﬁeld of images in the z-axis
was ~2 μm.
2.14. Statistics
For all experiments, separate trials on different days were repeated
at least three times. For quantitative data,mean± SEMwere computed.
Comparisons of multiple samples were analyzed with ANOVA followed
by individual comparisons with Tukey's test. Statistical signiﬁcance was
set at p b 0.05.
3. Results
3.1. Cell extension formation and PAK1
For evaluating cell extension formationwe ﬁrst immunostained NIH
3T3 ﬁbroblasts for the cell extension tip marker myosin X [45]. As ex-
pected, myosin X staining was abundant at the tips of extensions
(Fig. 1A), which were subsequently quantiﬁed in assays using rhoda-
mine phalloidin staining and microscopy. PAK1 was also immuno-
stained in cell extensions, suggesting that PAK1 may be involved in
extension formation. We reduced PAK1 expression with Pak1-speciﬁc
siRNA; immunoblotting of cell lysates showed an 8-fold reduction of
PAK1 with siRNA treatment. PAK1 knockdown did not affect the levels
of PAK2 or PAK3 expression (Fig. 1B).
3.2. Cell extension formation on collagen with lateral or underlying support
and effect of PAK1
As cell extension generation is regulated by the mechanical
properties of the surrounding matrix and also contributes to
mechanosensation of the matrix [46], we measured cell extension for-
mation as a surrogate for mechanosensing of the orientation of support
of collagen gels. In the models used here, collagen gels were provided
with either underlying rigid support or were supported laterally by
nylon grids (200 μm wide grids), which in turn were ﬂoated on cell
culture medium (Fig. 1C) [5].
With the application of confocal microscopy and optical sectioning
in the z-axis, and by employing embedded ﬂuorescent beads (1 μm
diameter) as ﬁduciary markers, we found that the thickness of both lat-
erally and underlying supported collagen gels (1 mg/ml) was ~100 μm.
With the use of micro-indentation measurements to estimate effective
stiffness [37] we found that collagen gels (1 mg/ml) with underlying
support exhibited very low effective stiffness in the 10 μmmost super-
ﬁcial layer of the gel (i.e. farthest from the underlying boundary) but
there was then a sharp ~25-fold increase of stiffness with indentations
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Fig. 1. Effect of PAK1 and orientation of substrate support on cell extension formation. (A) Dual immunoﬂuorescence of PAK1 and myosin-X (MYO10) immunostaining. Lower panels show
increased magniﬁcations of boxed regions. Scale bar = 10 μm. (B) Immunoblot characterization of PAK1 wild-type (WT) siRNA control and siRNA PAK1-knockdown (KD) cells. Lanes were
loaded with equal amounts of protein and probed for PAK1, PAK2 and PAK3 with β-actin as a loading control. The numbers below the blot represent the ratio of PAK1 to β-actin levels.
These data are representative of three independent and separate experiments. (C) Schematic diagram of experimental model depicting collagenwith lateral support. As described in “Materials
and methods” cells were plated on collagen-supported by nylon grids. With this model, cells are subjected to in-plane stiffness in the collagen gels that is attributable to the grid support.
(D)Micro-indentation analyses of effective stiffness gradients of collagen attached to tissue culture plastic (underlying) or supported by ﬂoating nylonmeshes (lateral). Indentations were per-
formed either near to the boundary (30 μm for underlying or 20 μm for laterally supported collagen grids) or far (10 μmand 100 μm for underlying and laterally supported grids, respectively).
Data aremean± SEM from three individual experiments (p b 0.001). (E)Morphology of phalloidin-stained PAK1wild type siRNA control (PAK1WT) and PAK1 siRNA knock-down (PAK1 KD)
NIH 3T3 ﬁbroblasts plated on either underlying or laterally-supported collagen for 1, 3 and 6 h. Scale bar = 10 μm. Quantiﬁcations of mean number of cell extensions per cell (F), mean cell
extension length (G) and cell area (H) from cells plated on either underlying or laterally-supported collagen at 1, 3 and 6 h. Data are mean ± SEM from 30 individual cells.
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glass; Fig. 1D; p b 0.001). In the central regions of laterally supported
gels, effective stiffness was similar to the most superﬁcial layers of the
gels with underlying support but within ~20 μm of the grid boundary,
there was a N10-fold increase of effective stiffness (Fig. 1D; p b 0.001).
Therefore in both gel systems, therewere gradients of stiffness in the di-
rection of the supporting boundaries.
We examined the effects of PAK1 knockdown and the orientation of
the underlying support on the formation of cell extensions over a time
course during the early phases of spreading (1–6 h). PAK1 wild type
cells (hereafter PAK1 WT, cells treated with control siRNA) and cells
with PAK1 knock down (PAK1 KD) were plated, incubated on collagen
gels, ﬁxed, stained for phalloidin (Fig. 1E) and the number of cell exten-
sions per cell and themean extension lengthwere quantiﬁed (Fig. 1F, G,
respectively). For these analyses we deﬁned extensions as discrete pro-
trusions measured from the cell centroid of ≥10 μm in length. For cells
plated on collagen with an underlying support, there were more exten-
sions after 3 h of spreading than after 6 h of spreading (p b 0.001),
reﬂecting the merging of multiple ﬁlopodial extensions into smaller
numbers of large extensions over time. For cells plated on collagen
with lateral support, there was a progressive increase of the number
of extensions from 1 to 6 h (p b 0.001). In examinations of the effect
of PAK1 on extension formation during initial spreading (1 and 3 h) of
cells plated on collagen with an underlying support, PAK1 KD cells
formed N2 fold more extensions than wild type cells. In contrast,
knock down of PAK1 in cells plated on collagen with lateral support re-
duced the number of cell extensions that were formed (p b 0.001;
Fig. 1F).
The number of cell extensions formed over timedoes not necessarily
parallel the growth in the size of individual extensions. To obtain more
precise information of the nature of the extensions that were formed,
wemeasured themean length of all extensions. For cells on both under-
lying and laterally supported collagen, the length of extensions in-
creased from 1 to 6 h (Fig. 1G). These data are consistent with the
notion that as cells initially spread on collagen, they form ﬁne ﬁlopodia,
whichmerge over time to form lamellipodia as described earlier [39,47].
For cells plated on collagen with an underlying support, PAK1 KD cells
exhibited longer cell extensions than wild type cells. In contrast,
knock down of PAK1 reduced by 2-fold the lengths of extensions in
cells plated on laterally-supported collagen (Fig. 1G; p b 0.01). These
ﬁndings and the spreading responses of cells on collagen with lateral
or underlying support, and with or without PAK knockdown were also
found in analyses of projected cell area over time (Fig. 1H).
Consistent with the data above on the number of cell extensions,
PAK1 expression was associated with shorter extensions when cells
were plated on collagen with underlying support while in contrast,
PAKI expression promoted the formation of longer extensions for cells
plated on collagen with lateral support. When we compared the distri-
bution of cell extension lengths after 6 h of spreading, the largemajority
of extensions in cells plated on soft collagen were N16 μm in length
while there was a broad distribution of extension lengths (10 μm and
up to N30 μm) for cells plated on collagen with underlying support
(Supplementary Fig. 1). These data indicate that independent of
collagen concentration that the orientation of the support for collagen
(i.e. underlying versus lateral) and therefore the orientation of the
stiffness gradient, affects the formation of cell extensions during
spreading.
Imaging by reﬂectance confocal microscopy of the collagen gels (see
below) indicated that the organization of collagen ﬁbrils in laterally
supported gels is isotropic, and therefore the organization of collagen ﬁ-
brils may not provide pre-existing orientation cues for the generation of
cell extensions. Our data on the orientation of stiffness gradients
(Fig. 1D) indicated that for both gel systems, there are very sharp stiff-
ness gradients in the direction of the supporting boundaries but we
wonderedwhether therewere PAK1-dependent variations of extension
formation in cells on laterally supported square and rectangular grids.We quantiﬁed the orientation of cell extensions relative to the grid
boundaries inwhichwe designated one boundary as 0° and the perpen-
dicular axis to this boundary as 90°. Cell extensions were grouped as ei-
ther less than or greater than 45°. Analyses of cell extension formation
showed that there were no signiﬁcant differences in the orientation of
cell extensions in square wells, independent of PAK1 expression
(Fig. 2A, B; p N 0.1).
We evaluated whether there was bias in cell extension orientation
with respect to the nearest grid boundary by plating PAK1 WT and
PAK1 KD cells on rectangular-shaped grids (200 × 500 μm). Compared
with square grids, the presence of PAK1 exerted an obvious effect on
how far cells can sense boundaries as PAK1WT cells formed extensions
in nearly equivalent proportions towards the more proximal or more
distant boundaries whereas PAK1 KD cells formed extensions ~3×
more frequently towards the proximal boundary than the distant
boundary (Fig. 2C, D; p b 0.001). This indicates that PAK1 is involved
in the range that a cell can mechanosense the environment and thus
form extensions.
3.3. PAK1 effect on cell extension formation and dependence on orientation
of support
We determined whether increased PAK1 expression and PAK1
kinase activity is involved in those processes by which cells sense the
orientation of the mechanical support of collagen during early stages
of cell spreading. We examined PAK1 WT cells, PAK1 KD cells, or PAK1
WT cells transfected with exogenous myc-tagged PAK1 to create PAK1
over-expressing cells (PAK1 OE), or cells transfected with constitutively
active PAK1 (PAK1 T423E) or cells transfected with kinase-inactive
PAK1 (PAK1 K299R). Transfections were veriﬁed by immunoblotting
(Supplementary Fig. 2). As cell extension formation stabilized at 6 h
after plating, we examined cell extension formation at this time. Cells
were plated on collagen with underlying or lateral supported square
grids, ﬁxed, stained with phalloidin to facilitate imaging of extensions
(Fig. 3A) and the length and numbers of cell extensions was measured.
After 6 h of spreading on collagen with laterally supported collagen,
knockdown of PAK1 did not affect the number of extensions (p N 0.2)
but reduced the number of extensions by 50% (p b 0.001) for cells
with underlying support. This reduction for cells with underlying colla-
gen support was similar to the reduction of the numbers of extensions
in cells transfected with K299R, a PAK1 kinase-inactive mutant (see
below). PAK1 OE cells exhibited ~3-fold more extensions than WT
cells (p b 0.001; Fig. 3B) when plated on collagen with underlying
support but did not affect cells with laterally supported collagen.
Over-expression of PAK1 had no signiﬁcant effect on the lengths of
cell extensions in cells plated on collagen with either lateral or underly-
ing support (p N 0.2; Fig. 3C). These data indicate that the ability of cells
to generate extensions when plated on collagen with underlying sup-
port is dependent on the level of PAK1 expression while PAK1 levels
do not affect the length of extensions in cells on either type of substrate.
As cell binding to the ECM molecule laminin 5 inﬂuences the phos-
phorylation of PAK1 and possibly its kinase activity [48] we determined
for the cells used in these experiments whether PAK1 phosphorylation
is affected by collagen binding. Cells were deprived of contact with col-
lagen by maintenance in suspension or were allowed to attach to colla-
gen for 6 h prior to lysis. Cell lysates were immunoblotted for the T423
PAK1 phosphorylation site to estimate PAK1 activity [49]. Cells spread
on collagen demonstrated a ~4-fold increase of PAK1 phosphorylation
compared with cells in suspension (Supplementary Fig. 2B). Arising
from this ﬁnding, we examined in more detail the role of PAK1
phosphorylation sites in cell extension formation on collagenwith later-
al or underlying support. We examined two PAK1 mutations that are
associated with regulation of actin assembly and that therefore may
play a role in cell extension formation [29]. Compared with PAK1 WT
cells, cells transfected with the T423E mutant showed ~1.5× increased
numbers of cell extensions on collagen with underlying support and
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Cells transfected with the dominant negative PAK1 (K299R) showed
reduced numbers of cell extensions when plated on both underlying
and laterally-supported collagen (Fig. 3C; p b 0.001). These trends of
cell extension formation were also observed in measurements of cell
extension length. Cells transfected with constitutively active PAK1 ex-
hibited extensions that were ~1.2× longer than PAK1 WT cells when
plated on collagen with lateral support (Fig. 3D; p b 0.001) but not
when plated on collagen with underlying support. Taken together,
these data indicate that the kinase activity of PAK1 contributes in part
to the regulation of the initial formation of cell extensions (Fig. 3B)
and this effect is independent of the orientation of support while the
length of subsequently formed extensions at 6 h is independent of the
kinase activity of PAK1.
3.4. Involvement of PAK1 in contraction and collagen remodeling
As the effect of PAK1 on cell extension formation is evidently
inﬂuenced by the orientation of the stiffness gradients of cells plated
on collagen and on the duration of cell spreading, we examined the
impact of PAK1 on cell contraction and collagen remodeling. With
anchored collagen gel assays [34] we assessed cell-mediated tractional
remodeling of collagen but without physiological agonists [35]. Cells
in collagen gels adherent to culture dishes were incubated at 37 °C for
3 days; gels were released from the dish and gel diameters were mea-
sured every 30 min until contraction peaked. PAK1 KD cells exhibited
~1.2-fold reduction of contraction compared with PAK1 WT cells over
4 h (Fig. 4A; p b 0.001 for all sampling times). We also determinedwhether PAK1-dependent increases of contractility were paralleled in
collagen reorganization as measured by ﬂoating collagen gel assays
[34]. In these assays ﬂoating gels were detached from the dish and the
collagen gels contracted over 72 h. PAK1WT cells showed ~2-fold faster
gel contraction than PAK1 KD cells (Fig. 4B; p b 0.001 for all sampling
times).
While these collagen contraction assays showed that PAK1 affects
the bulk behavior of collagen in remodeling [11], we could not discern
the effect of cells on reorganization of collagen ﬁbers at high resolution.
Accordingly we utilized reﬂected light confocal microscopy and fast
Fourier transformation to analyze reorganization of collagen ﬁbers
around single cells [5]. As the cell extension data indicated that large dif-
ferences in mechanosensing of underlying or laterally-supported colla-
gen occurred after spreading for 6 h (Fig. 1E), we plated PAK1 WT and
KD cells for 6 h where cells were live-imaged at 30 min intervals (see
Supplementary Movies 1–4 for time-lapse collagen compaction) after
which were ﬁxed and stained. In collagen gels without cells, there was
a randomorientation of collagenﬁberswhereaswhen cells were plated,
collagen ﬁbers were compacted around cells (Fig. 4C). Consistent with
the contraction data obtained from ﬂoating collagen gels (Fig. 4B),
PAK1 WT cells plated on laterally-supported collagen showed ~1.8-
fold more compaction than PAK1 KD cells (Fig. 4D; p b 0.001) while
therewas no difference between PAK1WT and KD cells plated on colla-
gen with and underlying support (Fig. 4D; p N 0.2). Notably, for PAK1
WT and KD cells, their ability to compact collagen and align collagen
ﬁbrils was related to the generation of cell extensions as shown by the
concordance of the orientation of the cell extensions with the
compacted and aligned collagen (Supplementary Fig. 3).
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tractional forces to the matrix [50,51]. Accordingly we estimated these
forces from measurements of the displacement of embedded ﬂuores-
cent beads in collagen gels at various distances from the cell centroid.
PAK1 WT cells exhibited consistently higher bead displacements than
PAK1 KD cells for both bounded collagen gels (Fig. 4E, F). There were
larger, PAK1-dependent bead displacements (~3-fold; p b 0.05) with
cells plated on collagen that was laterally supported compared with
collagen with an underlying support for all distances analyzed.
For cell-mediated collagen remodeling, the generation of tractional
forces requires non-muscle myosin-II motor activity [52,53]. We esti-
mated myosin activity by immunostaining for phospho-myosin lightchain (pMLC) and quantiﬁed the relative abundance of pMLC from im-
munoﬂuorescence images as described [54]. PAK1 WT and KD cells
were plated on collagen with an underlying or lateral support, ﬁxed
and immunostained at various times (Fig. 5A). There was no difference
of the relative pMLC abundance in PAK1WT and KD cells plated on col-
lagen with an underlying support at all time points assessed (Fig. 5B;
p N 0.02). In contrast, there was ~2.3-fold higher pMLC levels in PAK1
WT compared to PAK1 KD cells after 6 h of spreading on laterally-
supported collagen (p b 0.05). In separate experiments, cells were treat-
ed with the myosin light-chain kinase inhibitor, ML-7, to assess the va-
lidity of the phospho-myosin signal. These cells showed no signal above
background staining and marked cell rounding (Fig. 5A, B). Taken
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tion and bead displacement data in laterally supported collagen gels
(Fig. 4D, F).
3.5. PAK1 and cell adhesion
The data above indicated that PAK1 affects the interactions of cells
with collagen, which was manifested as PAK1-dependent effects oncollagen compaction and contractile behavior. These effects may be re-
lated to cell adhesion, which for ﬁbroblast adhesion and spreading on
collagen are mediated by α2β1 integrin heterodimers [16]. As assessed
by immunoblotting, total cell expression levels of α2 integrin were un-
affected by PAK1 knock down with siRNA (Fig. 6A). For assessing total
β1 integrin expression, permeabilized cells were immunostained with
the KMI6 antibody. Similar to the data for the α2 integrin, analysis by
ﬂow cytometry of cell suspensions showed no difference in total levels
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abundance of α2 and β1 integrins were unchanged by siRNA-
mediated reduction of PAK1 compared with control siRNA, we deter-
mined whether PAK1 affects the activation of cell surface β1 integrins.
Cells were allowed to spread on collagen-coated dishes for 6 h and
assessed for binding of 9EG7, a neo-epitope antibody that recognizes
the activated β1 integrin on the cell surface [41]. Compared with wild
type, PAK1 siRNA only slightly reduced 9EG7 binding to activated β1
integrin as measured by ﬂow cytometry and estimation of mean ﬂuo-
rescence intensity by immunoﬂuorescence (Fig. 6C).We complemented
thesemeasureswith a previously described collagen bead binding assay
[42] that estimates functional cell surface integrin activation on thedorsal surface of cultured cells [43]. With these assays, PAK1 siRNA
treatment did not affect collagen bead binding in cells that were plated
on collagen with underlying or lateral support (Fig. 6D). These data in-
dicate that PAK1 expression levels do not substantially affect the levels
or activity of collagen receptors.
4. Discussion
For remodeling of the ECM cells usemultiple processes including se-
cretion of matrix metalloproteinases [55,56], phagocytosis of matrix
molecules [57] and physical reorganization of ﬁbrillar proteins by com-
paction. Collagen remodeling by compaction is an important process for
α2 integrin
PAK1 
WT
PAK 1
KD
β-actin
C)
G)
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
PAK1 WT PAK1 KD
Fl
uo
re
sc
en
t C
ha
nn
el
 #
:
K
M
I6
st
ai
ni
ng
D)
0
0.5
1
1.5
2
2.5
3
Fl
u
o
re
sc
en
tc
ha
n
n
el
#:
9E
G
7
st
ai
n
in
g
PAK1 WT PAK1 KD
*
0
5
10
15
20
25
Underlying support Lateral support
Fl
ur
o
es
ce
n
tc
ha
n
n
e l
#:
ce
lls
w
ith
be
a d
s
PAK1 WT
PAK1 KD
A) B)
Fig. 6. Effect of PAK1 knockdown on integrin expression and function. (A) Equivalent amounts of proteins from PAK1WT and PAK1 KD cell lysates were immunoblotted for α2 integrin
withβ-actin as a loading control. Thesedata are representative of three independent and separate experiments. (B) Quantiﬁcation of totalβ1 integrins byﬂowcytometry of PAK1wild type
siRNA cells (PAK1WT) and PAK1 knockdown (PAK1 KD) cells as assessed by KMI6 immunostaining. (C) Activated β1 integrins were assessed by 9EG7 immunostaining and ﬂow cytom-
etry. Data are mean ± SEM from three individual experiments (p b 0.01 indicates difference between two groups). (D) PAK1 WT and KD cells were spread for 6 h on collagen with un-
derlying or lateral support and then incubated with ﬂuorescent collagen-coated beads for 1 h to estimate the relative abundance of activated collagen binding integrins. Cells with bound
beads were measured by ﬂow cytometry. Data are mean ± SEM of % of cells that bound collagen beads from three independent experiments (p N 0.2 between groups).
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wound healing [61,62] and during scar formation [63,64], and is a hall-
mark of the invasive behavior of cancer cells as they migrate through
connective tissues [65–67]. PAK1 has been implicated in cell behavior
that affects matrix remodeling including the ability of cells to generate
extensions [31,68], ECM contraction [35], membrane rufﬂing [69] and
the secretion of matrix metalloproteinases [70]. All of these reports
have examined how upstream regulators impact PAK1 function. Here
we found that PAK1 enabled myosin-mediated contraction processes
that are involved in collagen compaction, a prerequisite for cell exten-
sion formation [5]. We discovered that the ability of cells to generate
cell extensions involves functional interplay between the orientation
of the stiffness of the support for collagen and in certain conditions by
PAK1 expression, suggesting a deﬁned role for PAK1 in the processes
by which cells sense the mechanical properties of the ECM. Further,
the employment of rectangular grids enabled analysis of the impact of
PAK1 expression on the ability of cells to sense rigid boundaries at a
distance in the lateral plane.
For the experiments described here,we used substrates inwhich the
orientation of the stiffness of the support was independent of collagen
concentration, and we employed analytical methods that enabled sepa-
rate examination of the effects of PAK1 on collagen compaction and ex-
tension formation. In cellswith reduced PAK1 expression,we found that
the initial formation of cell extensions was reduced, but only when cells
were plated on collagen substrates with underlying support, not for
cells with lateral support. These data indicate that PAK1 may in partcontribute to how cells mechanically sense the orientation of stiffness
of collagen support during spreading and cell-mediated collagen
compaction.
Similar to data from earlier experiments using cell-embedded, ﬂoat-
ing collagen gel assays [34], we found that at speciﬁc time points, knock
downof PAK1 affected the length of cell extensions and collagen remod-
eling [34–36]. However, these previous reports described the cumula-
tive effect of PAK1 on collagen remodeling and did not provide high
resolution examination of collagen compaction and deformation
around single cells. Higher resolution analysis is needed for resolving
how cells use extensions for environmental mechanosensing and
matrix remodeling inmotility andwound healing processes [46]. Cogni-
zant of the need for higher resolution methods in which the orientation
of collagen stiffness can be determined, we used a novel collagen gel
system [5] to examine the impact of PAK1 and stiffness on collagen re-
modeling at the single cell level in which lateral or underlying support
of the gel is provided. This approach takes into account the idea that
cells in vivo navigate through tissues and organs that exhibit a wide
range of ECM stiffness, indicating that cells may be able to sense and
adapt to the rigidity of their surrounding environment [71]. Unlike pre-
vious reports that studied the role of PAK1 in long-term remodeling of
three-dimensional collagen gels [72], the new grid-supported model
[5] uses cells plated on collagen with lateral support to enable study of
early processes in cell extension formation and collagen compaction.
Notably, the design of the grid-supported collagen model and the low
cell plating density used for laterally supported and underlying
2536 V.I. Pinto et al. / Biochimica et Biophysica Acta 1853 (2015) 2526–2538supported gels, enabled study of cell extension formation and collagen
remodeling of individual cells, which is in contrast to themore complex
mechanics that are measured with higher plating densities and the
combinatorial effects of multiple interacting cells. The inferences
derived from this model indicate that collagen compaction precedes
cell extension formation, which relates to the irreversible inelastic
deformation properties of collagen gels described earlier [73,74].
PAK1 phosphorylation has been used as an indicator of PAK1 kinase
activity [49] and effector function in actin assembly [29]. In studies of
cell-ECM interactions, phosphorylated PAK1 is associated with en-
hanced migration of ﬁbroblasts on collagen but has opposing effects in
cells plated on ﬁbronectin [70,75,76]. High levels of PAK1 phosphoryla-
tion in human breast cancer tumors are associatedwith elevatedmatrix
proteolysis and migratory activity [38]. For examining the role of PAK1
activation in cell extension formation we used two well-described
PAK1 mutants [58,77] that affect actin assembly. Our data show thatp
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Cell spreading and the exploration of the ECM involve the generation
of cell extensions [78,79], which are thought to be involved in, and are
markers of, mechanosensing of the ECM [46,80]. During the initial
stages of extension formation, cells establish focal complexes [81] and
remodel the ECM by matrix compaction around cell processes [75].
This cell-mediated collagen compaction is required for subsequent cell
extension formation [5]. PAK1 is required for efﬁcient cell migrationp
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2537V.I. Pinto et al. / Biochimica et Biophysica Acta 1853 (2015) 2526–2538through the ECM since it couples the extension of the leading edge of
cells with the formation of focal complexes [32]. We found that PAK1
knock down did not substantially affect the expression and function of
collagen receptors, indicating that the role of PAK1 in mechanosensing
of support orientation is not dependent on PAK1-dependent alteration
of cell adhesion to the underlying matrix.
5. Conclusions
Previousworkhas shown that during the early phase of cell spreading,
PAK1 is involved in cell extension formation and cell motility [29,31,75,
82]. Here we found that PAK1 knockdown differentially affected the for-
mation of extensions and the generation of contractile forces when cells
were plated on collagen with lateral or underlying support. These data
are consistent with previous reports indicating that during initial adhe-
sion and spreading, cells deform the underlying matrix as a result of con-
tractile forces [80] and that the earliest observable matrix remodeling
occurs adjacent to cell extensions in soft substrates [11]. Second, the ki-
nase activity of PAK1 was involved in the differential mechanosensing
of lateral or underlying collagen support. Third, we found that PAK1 ex-
pression exerted a strong effect on myosin activity and the compaction
of collagen by cells with lateral but not underlying support. Taken togeth-
er we conclude that PAK1 contributes to mechanosensing of the orienta-
tion of stiffness in collagen matrices (Fig. 7).
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2015.05.019.
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